Image-guided spinal navigation is a computer-based surgical technology that evolved from the principles of intracranial stereotactic surgery. It was developed to improve intraoperative orientation to the unexposed anatomy during complex spinal procedures. It has minimized and, in many cases, limited the need for intraoperative imaging such as fluoroscopy during spinal surgery.
Image-guided spinal navigation is a computer-based surgical technology that evolved from the principles of intracranial stereotactic surgery. It was developed to improve intraoperative orientation to the unexposed anatomy during complex spinal procedures. It has minimized and, in many cases, limited the need for intraoperative imaging such as fluoroscopy during spinal surgery.
The management of complex spinal disorders has been greatly influenced by the increased acceptance and use of spinal instrumentation devices as well as the development of more-complex operative exposures. Many of these techniques place a greater demand on the spinal surgeon by requiring a precise orientation to that part of the spinal anatomy that is not exposed in the surgical field. In particular, the various fixation techniques that require placing bone screws into the pedicles of the thoracic, lumbar, and sacral spine; into the lateral masses of the cervical spine; and across joint spaces in the upper cervical spine require "visualization" of the unexposed spinal anatomy. Although conventional intraoperative imaging techniques such as fluoroscopy have proved to be useful, they are limited by the fact that they provide only two-dimensional imaging of a complex three-dimensional structure. Consequently, the surgeon must extrapolate the third dimension based on his or her interpretation of the images and knowledge of the pertinent anatomy. This "dead reckoning" of the anatomy can result in varying degrees of inaccuracy when screws are placed into the unexposed spinal column.
Image-guided spinal navigation minimizes much of the "guess work" associated with complex spinal surgery. It allows for the intraoperative manipulation of multiplanar CT images that can be oriented to any selected point in the surgical field. Although spinal navigation is not an intraoperative imaging device, it provides the spine surgeon with superior image data compared with conventional intraoperative imaging technology (i.e., fluoroscopy). Image-guided spinal navigation improves the speed, accuracy, and precision of complex spinal surgery while, in most cases, eliminating the need for cumbersome intraoperative fluoroscopy.
Principles of Image-Guided Spinal Navigation
Image-guided navigation establishes a spatial relationship between preoperative CT image data and corresponding intraoperative anatomy. Both the CT image data and the anatomy can be viewed as three-dimensional coordinate systems with each point in that system having specific x, y, and z Cartesian coordinates. By use of defined mathematical algorithms, a specific point in the image data set can be matched to its corresponding point in the surgical field. This process, called registration, represents the critical step of image-guided navigation. A minimum of three points must be matchedor registered-to allow for accurate navigation.
A variety of navigational systems have evolved during the past decade. Most of these systems include an image-processing computer workstation interfaced with a two-camera optical localizer ( Fig. 1) . When positioned during surgery, the optical localizer emits infrared light toward the operative field.
A handheld navigational probe mounted with a fixed array of passive reflective spheres acts as the link between the surgeon and the computer workstation ( Fig. 2) .
Alternatively, passive reflectors may be attached to standard surgical instruments. The spacing and positioning of the passive reflectors on each navigational probe or customized trackable surgical instrument are known by the computer workstation. The infrared light that is transmitted toward the operative field is reflected back to the optical localizer by the passive reflectors. Information is then relayed to the computer workstation, which then can calculate the precise location of the instrument tip in the sur-gical field as well as the location of the anatomic point on which the instrument tip is resting.
Image-guided navigation requires a frame of reference to help relate the image data to the anatomic data. Unlike intracranial navigation, which uses surface-mounted scalp fiducials to provide this frame of reference, spinal navigation uses each individual vertebra as its own reference frame. Specifically, bony landmarks on the exposed surface of the spinal column provide individual points of reference. The tip of a spinous or transverse process, a facet joint, or a prominent osteophyte can serve as a potential reference point ( Fig. 3 ). Because each vertebra is a fixed, rigid body, the spatial relation between the selected registration points and the vertebral anatomy at a single spinal level is not affected by changes in body position.
Two different registration techniques can be used for spinal navigation: paired-point registration and surface mapping. In paired-point registration, a series of corresponding points are selected in a CT or MRI data set and in the exposed spinal anatomy. The registration process is performed immediately after surgical exposure and before any planned decompressive procedure. This allows for the use of the spinous processes as registration points.
The continuing education activity in Contemporary Neurosurgery is intended for neurosurgeons, neurologists, neuroradiologists, and neuropathologists. A specific registration point in the CT image data set is selected by highlighting it with the computer cursor. The tip of the probe is then placed on the corresponding point in the surgical field, and the reflective spheres on the probe handle are aimed toward the camera. When the system is activated, the spatial position of the tip of the probe is identified. This initial step of the registration process effectively links the point selected in the image data with the point selected in the surgical field. When a minimum of three such points are registered, the probe can be placed on any other point in the surgical field and the corresponding point in the image data set will be identified on the computer workstation.
Alternatively, a second registration technique, known as surface mapping, can be used. This technique involves arbitrarily selecting multiple nondiscrete points on the exposed and debrided surface of the spine in the surgical field. This technique does not require selection of points in the image set, although several discrete points in both the image data set and the surgical field often are needed to improve the accuracy of surface mapping. Information on the positions of these points is transferred to the workstation, and a topographic map of the selected anatomy is created and matched to the patient's image set.
Typically, paired-point registration can be done more quickly than surface mapping. The average time needed for paired-point registration is 10 to 15 seconds, whereas the time needed for surface mapping is much longer, with difficult cases requiring as much as 10 to 15 minutes. It is necessary to perform several registration processes during each surgery, so this time difference can have a significant impact on the length of the navigational procedure and the operation.
The purpose of the registration process is to establish a precise spatial relationship between the image data and the physical space of the patient's corresponding surgical anatomy. If the patient is moved after registration, this spa-tial relationship is distorted, making the navigational information inaccurate. This problem can be minimized by the optional use of a spinal tracking device that consists of a separate set of passive reflectors mounted on an instrument that can be attached to the exposed spinal anatomy (Fig. 4) . The position of the reference frame then can be tracked by the camera system. Movement of the frame alerts the navigational system to any inadvertent movement of the spine, and the system then can make corrections to keep the registration accurate and eliminate the need to repeat the registration process. The disadvantage of using a tracking device is the added time needed for attaching it to the spine, the need to maintain a line of sight between it and the camera, and the inconvenience of having to perform the procedure with the device placed in the surgical field. It is particularly cumbersome during cervical procedures.
Alternatively, image-guided spinal navigation can be performed without a tracking device. This involves recognizing the effect of patient movement on the accuracy of image-guided navigation and maintaining reasonably stable patient position during the relatively short amount of time needed (i.e., 10-20 seconds) for the selection of each appropriate screw trajectory. Patient movement can occur with respiration, from the surgical team leaning on the table, or from a change of table position. Movement associated with patient respiration is negligible and does not require any tracking, even in the thoracic spine. Although movement associated with leaning on the table or repositioning the table or the patient does affect registration accuracy, it can be avoided easily during the short navigational procedure. If inadvertent patient movement occurs, the registration process can be repeated. Repeating the registration process is easiest when the shorter paired-point 3 Figure 3 . Navigational workstation screen demonstrating a pairedpoint registration plan. Three discrete bony landmarks are selected at a single vertebral level. In this case, the tips of the two transverse processes and the spinous process have been selected at the level to be instrumented (T12). technique is used as opposed to the more time-consuming surface-mapping technique.
When the registration process has been completed, the probe can be positioned on any surface point in the surgical field. Three separate reformatted CT images centered on the corresponding point in the image data set are immediately presented on the workstation monitor. Each reformatted image is referenced to the long axis of the probe. If the probe is placed on the spinal anatomy directly perpendicular to its long axis, the three images will be in the sagittal, coronal, and axial planes. A trajectory line representing the orientation of the long axis of the probe will overlie the sagittal and axial planes, and a cursor representing a cross-section through the selected trajectory will overlie the coronal plane. The insertional depth of the trajectory can be adjusted to correspond to selected screw lengths. As the depth is adjusted, the specific coronal plane also adjusts accordingly, with the position of the cursor demonstrating the final position of the tip of a screw placed at that depth along the selected trajectory. As the probe is moved to another point in the surgical field, the reformatted images, as well as the position of the cursor and trajectory line, also change. The planar orientation of the three reformatted images changes as the angle of the probe relative to the spinal axis changes. When the probe is not oriented perpendicular to the long axis of the spine, the images displayed are presented in oblique, or orthogonal, planes. Regardless of the orientation of the probe, the navigational workstation provides the surgeon with a greater degree of anatomic information than can be provided by any intraoperative imaging technique.
Clinical Applications
The clinical application of image-guided navigation to spinal surgery is directed by the complexity of the procedure and, specifically, by the need to visualize the unex-posed spinal anatomy. Image-guided navigation can be used with or without standard intraoperative imaging techniques (e.g., fluoroscopy). In either case, image-guided navigation provides the surgeon with an improved orientation to the pertinent spinal anatomy, which facilitates the accuracy and effectiveness of the procedure.
The most common clinical application for image-guided spinal navigation is pedicle screw fixation in the thoracic and lumbosacral regions. Image-guided spinal navigation now can be used routinely in place of fluoroscopy for the insertion of pedicle screws in both the thoracic and lumbosacral spine. Although fluoroscopy provides real-time imaging of spinal anatomy, the views generated represent only two-dimensional images of a complex three-dimensional structure. The fluoroscopic unit can be manipulated to reduce this problem, but these maneuvers can be cumbersome and time-consuming. Other disadvantages include the attendant radiation exposure and the need for the surgical team to wear lead aprons during the procedure. Fluoroscopy cannot provide a view of the spinal anatomy in the axial plane, but image-guided navigation can provide such an axial view, making it superior to fluoroscopy for spinal screw fixation procedures.
The application of image-guided navigation to pedicle screw fixation involves obtaining a preoperative spiral CT scan through the appropriate spinal segments to be instrumented. The image data are transferred to the computer workstation via optical disc or a high-speed data link. If paired-point registration is to be used, three to five reference points for each spinal segment to be instrumented are selected and stored in the image data set.
Intraoperatively, standard exposure of the spinal levels to be instrumented is performed. A lateral radiograph can be obtained to confirm the appropriate level. The computer Figure 5 . A, Navigational workstation screen demonstrating satisfactory verification of registration accuracy. While the navigational probe is positioned on the L4 spinous process in the surgical field, the workstation screen should show the cursor and trajectory line in a correlative position in the CT image set. B, Navigational workstation screen demonstrating unsatisfactory verification of registration accuracy. If the navigational probe is positioned on the L4 spinous process in the surgical field but the workstation screen shows the cursor and trajectory line in noncorrelative position (i.e., not on the L4 spinous process), accurate registration has not been achieved, and the registration process must be repeated before navigation proceeds. Arrows indicate the location of the probe.
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workstation and camera localizer are positioned with the camera localizer at the foot of the table and aimed rostrally for thoracic and lumbosacral procedures. Image-guided navigation typically is performed before any planned decompression to use the intact posterior elements as registration points. The first spinal segment to be instrumented is registered using either the paired-point or surface-mapping technique. When the registration process has been completed, the navigational workstation calculates and displays a registration error (in mm) that is directly dependent on the surgeon's registration technique. The error presented does not represent a linear error but rather a volumetric calculation, comparing the spacing of registration points in the surgical field to the spacing of the corresponding points in the image data set. This figure is, at best, a relative indicator of accuracy.
A better method of ensuring registration accuracy is the verification step. This step typically is performed immediately after either registration process has been completed. The surgeon places the navigational probe on a discrete landmark in the surgical field. With the navigational system now tracking the movement and position of the probe, the trajectory line and cursor on the workstation screen will move to the corresponding point in the image data set if accurate registration has been achieved (Fig. 5A ). If registration accuracy has not been achieved, the cursor and trajectory line may rest on a point other than that selected in the surgical field. If this difference is significant, the registration process has to be repeated (Fig. 5B) . This step is a more-absolute indicator of registration accuracy and must be performed before proceeding with navigation.
When an accurate registration of the first spinal level to be instrumented has been verified, standard bony landmarks for pedicle localization are used to approximate the screw entry point. A drill guide is placed on this entry point and the navigation probe passed through the guide. The navigational system is activated, permitting tracking of the probe in the surgical field. Three separate reformatted views are displayed on the workstation screen. Each view represents a separate plane passing through the selected point in the surgical field. For most pedicle fixation cases, these views typically consist of a sagittal, an axial, and a coronal reconstruction. A trajectory line referenced to the long axis of the probe is superimposed on the sagittal and axial views. A round cursor, representing a cross-section through the selected trajectory, is superimposed on the coronal view. As the probe is moved through the surgical field, the position of the trajectory line and cursor change accordingly. Both the width of the trajectory line and the diameter of the cursor can be adjusted to match the relative diameter of the pedicle screws to be used. The length of the trajectory line also can be adjusted (Fig. 6) .
As the probe is placed on each pedicle entry point, the images on the workstation screen are presented in real time. As the angle of the probe is adjusted in the axial and sagittal planes, the images update to show the corresponding trajectories. The depth of the coronal view can be adjusted to show the crosssectional anatomy at any point along the selected trajectory. The orientation of each pedicle to be instrumented can be assessed rapidly and accurately. Any errors in trajectory or entry point selection can be determined and corrected by adjusting the position of the probe and the drill guide through which it passes.
When a satisfactory screw entry point and trajectory have been selected, the current images on the workstation screen are frozen, the probe is removed from the drill guide, and a drill (3 mm in diameter) is positioned through the guide. The purpose of the drill guide is to preserve the physical trajectory and entry point information just acquired through the navigation of that pedicle. If a drill guide is not used, it may be difficult to precisely position the drill or pedicle . Workstation screen demonstrating a trajectory for insertion of a C1-C2 transarticular screw. Lower right screen shows the trajectory in the sagittal plane. Lower left screen represents an orthogonal plane lying between the axial and coronal planes. It conveys the mediallateral trajectory. Upper left screen, which represents a plane that is perpendicular to the two other images, demonstrates the location of the screw tip inserted along the selected trajectory at the indicated depth. Arrows indicate the location of the probe. probe on the same point and with the same trajectory as the navigational probe that has just been removed. The use of a drill guide also permits using a handheld drill to place the small pilot hole as opposed to trying to recreate the navigational information with a blunt and awkward pedicle probe. When the pilot hole is placed, a sound can be passed down the hole to ensure adequate positioning. Navigation then is performed for the contralateral pedicle.
For each additional vertebra to be instrumented, a new set of registration points at that level is selected. This method, termed segmental registration, eliminates any potential discrepancy in anatomic orientation that may be related to a change in patient position between the preoperative CT scan and surgery. Because each vertebra is a fixed, rigid body, the spatial relationship of the selected registration points to the vertebral anatomy at a single spinal level is not affected by changes in body position.
After all pilot holes have been drilled, they are tapped and the appropriate size screws inserted. C-arm fluoroscopy or serial radiographs are not required. Typically, the average time for registration, navigation, and the insertion of four pedicle screws is approximately 8 to 10 minutes when using a paired-point registration technique. This figure is considerably higher when using a surface-mapping technique due to the greater time it takes to achieve adequate registration with surface mapping.
In addition to its application to pedicle screw fixation, image-guided spinal navigation also has been applied to the placement of C1-C2 transarticular screws (Fig. 7) , transoral decompressive surgery (Fig. 8) , anterior thoracic and thoracolumbar screw fixation, and the removal of spinal tumors. Each application provides the surgeon with accurate, multiplanar images that allow for a greater degree of orientation to the nonvisualized spinal anatomy. This improved orientation serves to increase the accuracy and precision of complex spinal surgery.
Fluoroscopic Navigation
Fluoroscopic navigation is a hybrid technology that combines standard fluoroscopy with image-guided navigational technology. It was developed to counter the user difficulties associated with some earlier image-guided systems that typically took much longer to use than standard fluoroscopy. The presumed advantages of fluoroscopic navigation are: (1) no preoperative CT image is required; and (2) the navigational image can be updated at any point during the surgical procedure. The advantage over conventional fluoroscopic techniques is reduced amount of fluoroscopic time.
Before surgery, but with the patient in position, anteroposterior and lateral fluoroscopic views of the pertinent spinal anatomy are obtained with a customized reference frame attached to the C arm or to the patient. This frame serves to superimpose a specific grid on the two images obtained. The navigational workstation then can take the two images and relate the spatial position of the imaged anatomy to a navigational probe. A navigational trajectory line and cursor then can be superimposed on the lateral and anteroposterior images, respectively. As the probe is moved over the exposed spinal anatomy during surgery, the trajectory line and cursor will adjust their position on the stationary fluoroscopic images.
The disadvantage of fluoroscopic navigation is that it is still only fluoroscopy. The same difficulties experienced with standard fluoroscopy are present with fluoroscopic navigation. Specifically, only anteroposterior and lateral images are provided, but the critical plane for most spinal screw fixation procedures is the axial plane. Only the axial plane can demonstrate definitively violation of the spinal canal by a medially displaced screw. Only CT-based, image-guided navigation can demonstrate this view, although developments currently underway for standard fluoroscopy eventually will permit axial reconstructions. Furthermore, any region of the spinal column that is difficult to image with standard fluoroscopy (e.g., the upper thoracic area) will be just as difficult to image with fluoroscopic navigation.
Isocentric fluoroscopy, a variation of conventional fluoroscopy, may provide some solutions. With this technology, a specially adapted C arm is rotated in a 190-degree arc around the patient positioned on the operative table. Much like conventional CT, the acquired images can then be reconstructed into multiplanar images, including images in the axial plane. Although the images are not of the same quality as standard CT scans, they are adequate for spinal navigation. This technology also offers the advantage of allowing acquisition of additional images intraoperatively during the course of the procedure.
The early goal of image-guided spinal navigation was to improve the surgeon's orientation to the intraoperative spinal anatomy in a time-and cost-efficient manner and ultimately to replace fluoroscopy. Many of these earlier CT-based imageguided systems were difficult to use and time-consuming. This led to the application of fluoroscopy to image-guided technology. However, several years of clinical experience have helped modify and improve CT-based navigational technology, making these systems easier to use than earlier technology. This improved ease of use, coupled with the ability to obtain axial images as well as its superior accuracy, image manipulation, and orientation capabilities, provides image-guided technology with a clear advantage over any fluoroscopy-based technology. 
Conclusion
Image-guided navigational technology has been applied successfully to spinal surgery. By linking digitized image data to spinal surface anatomy, image-guided spinal navigation facilitates the surgeon's orientation to unexposed spinal structures, improving the precision and accuracy of the surgery. It typically is used to optimize the placement of spinal fixation screws and to monitor the extent of complex decompressive procedures. It also can be used as a preoperative planning tool.
Although image-guided spinal navigation is a versatile and effective technology, it does not replace the need for the surgeon to have a thorough knowledge of the pertinent spinal anatomy as well as correct surgical techniques. It is an additional source of information that can be used by the surgeon to make selected intraoperative decisions. In this way, it is similar to more-conventional intraoperative imaging techniques (e.g., fluoroscopy), except that it provides a much greater degree of information to the surgeon.
The successful use of image-guided technology depends greatly on the surgeon's understanding of its capabilities and limitations. Several potential pitfalls may be enountered before and during its use for spinal surgery. These pitfalls include failure to obtain the appropriately formatted image data, incorrectly identifying the spinal level to be registered, poor registration and navigation technique, as well as the spinal surgeon not correlating the navigational information with his or her own intraoperatve judgement of the selected screw insertion parameters. Unless recognized, these pitfalls can result in significant errors in navigational accuracy and can make the use of image guidance difficult and time-consuming. However, recognizing these potential pitfalls and using correct registration and navigational techniques allow a safe and successful procedure.
